We analyzed sequence variation for chalcone synthase (Chs) and alcohol dehydrogenase (Adh) loci in 28 species in the genera Arabidopsis and Arabis and related taxa from tribe Arabideae. Chs was single-copy in nearly all taxa examined, while Adh duplications were found in several species. Phylogenies constructed from both loci confirmed that the closest relatives of Arabidopsis thaliana include Arabidopsis lyrata, Arabidopsis petraea, and Arabidopsis halleri (formerly in the genus Cardaminopsis). Slightly more distant are the North American n ϭ 7 Arabis (Boechera) species. The genus Arabis is polyphyletic-some unrelated species appear within this taxonomic classification, which has little phylogenetic meaning. Fossil pollen data were used to compute a synonymous substitution rate of 1.5 ϫ 10 Ϫ8 substitutions per site per year for both Chs and Adh. Arabidopsis thaliana diverged from its nearest relatives about 5 MYA, and from Brassica roughly 24 MYA. Independent molecular and fossil data from several sources all provide similar estimates of evolutionary timescale in the Brassicaceae.
Introduction
Molecular analyses of evolution and ecology benefit from the availability of model systems which provide breadth and depth of biological understanding and a valuable experimental resource with which to address conceptual issues. For example, for Drosophila, a large community of functional and evolutionary geneticists benefit from many experimental tools and a vast literature. Genomic studies of Arabidopsis now afford similar resources for the plant kingdom (Bevan and Murphy 1999; Somerville and Somerville 1999) . Consequently, Arabidopsis and Arabis and their wild relatives provide an increasingly popular model system for molecular studies of ecology and evolution. Analyses of genetic variation (van Treuren et al. 1997; Karkkainen et al. 1999) , comparative genetic maps (de Haan et al., personal communication) , and phylogenetic studies of wild relatives are becoming available (Price, Palmer, and AlShehbaz 1994; Galloway, Malmberg, and Price 1998; Koch, Bishop, and Mitchell-Olds 1999; Koch, Haubold, and Mitchell-Olds 2000) . Here, we use sequence data from two nuclear genes to address several aspects of the evolution of wild relatives of Arabidopsis thaliana.
As a step toward this Arabidopsis-Arabis model system, this paper has three goals: (1) to examine the robustness of inferred phylogenetic relationships using data from two nuclear genes; (2) to estimate the divergence time between A. thaliana and its wild relatives; and (3) to estimate synonymous substitution rates of several genes, which might provide a molecular clock useful for future estimation of divergence times of species and alleles.
The Brassicaceae (Cruciferae, or mustard family) comprises approximately 340 genera and 3,350 species, including the economically important Brassica crops and the model organism A. thaliana. Recently, Koch, Bishop, and Mitchell-Olds (1999) analyzed sequence data from the nuclear ribosomal DNA internal transcribed spacer (ITS) and showed that published phylogenies based on Adh, Adc, and plastidic loci (such as ndhF) are largely congruent with a comprehensive ITS phylogeny of 33 taxa representing major lineages of Arabideae. The genera Arabidopsis and Arabis are both polyphyleticsome distantly related species appear within these taxonomic classifications, which should be revised (Galloway, Malmberg, and Price 1998; Al-Shehbaz, O'Kane, and Price 1999) .
The oldest fossil evidence of Brassicaceae occurs in Oligocene deposits (22-34 MYA; Cronquist 1981) . Yang et al. (1999) combined sequence data from NADH subunit 4 (nad4) with the estimated divergence time between maize and wheat to infer the age of the BrassicaArabidopsis divergence at approximately 14-20 Myr. Since Brassica and Arabidopsis lineages separated fairly early in crucifer evolution (Koch, Bishop, and MitchellOlds 1999; Koch, Haubold, and Mitchell-Olds 2000) , this provides congruent fossil and molecular evidence suggesting that early crucifer evolution occurred on the order of 30 MYA. Here, we seek independent estimates for species divergence times within the Brassicaceae, especially between A. thaliana and its close relatives.
Such analyses also estimate K s , the synonymous nucleotide substitution rate. Plausible estimates for the rate of nucleotide substitution can be used to address many questions of evolutionary interest. For example, K s estimates for Adh have been used to calculate times for speciation and domestication of maize (Hilton and Gaut 1998) , the time for a surge of retrotransposition that doubled the size of the maize genome during the last several million years (SanMiguel et al. 1998) , and the age of molecular polymorphisms at the A. thaliana Adh locus . On the other hand, synonymous substitution rates may be heterogeneous within and among loci and may not be neutral (Comeron, Kreitman, and Aguade 1999; Llopart and Aguade 1999) .
In this study of crucifer evolution, we used two well-known nuclear genes encoding the enzymes chalcone synthase (CHS; EC 2.3.1.74 ) and alcohol dehydrogenase (ADH; EC 1. 1.1.1) as molecular marker loci. Chalcone synthase participates in plant secondary metabolism by catalyzing the condensation of three molecules of malonyl-CoA and one molecule of p-coumarylCoA to yield chalcone, a precursor in biosynthesis of flavonoids. In contrast, alcohol dehydrogenase is part of the primary metabolism and catalyzes the reduction of acetaldehyde to ethanol under anoxia. Both genes are members of multigene families in some plant taxa (Gaut and Clegg 1991; Clegg, Cummings, and Durbin 1997) . However, previous analysis of Adh in Brassicaceae provided little evidence for gene duplication in crucifers, with the exception of the genus Leavenworthia (Charlesworth, Liu, and Zhang 1998). In the absence of sequence information from closely related taxa, it is not possible to decide whether the gene duplication in Leavenworthia occurred before or after the origin of this taxon. Leavenworthia belongs to subtribe Cardaminae. If the duplication is older than Leavenworthia, it should also be found in related genera from subtribe Cardaminae of tribe Arabideae, e.g., Cardamine, Rorippa, or Nasturtium.
Chs belongs to multigene families in plant taxa such as petunias (Koes, Spelt, and van den Elzen 1989) , Ipomoea species (Durbin et al. 1995) , and legumes (Ryder et al. 1987; Wingender et al. 1989; An et al. 1993; Junghans, Dalkin, and Dixon 1993; Howles, Arioli, and Weinman 1995) . Different gene copies indicating multiple paralogs for Chs have been reported for Sinapis (Durbin et al. 1995) . However, like its close relatives Brassica and Raphanus (Warwick and Black 1991) , there is strong evidence that Sinapis consists of ancient polyploids (Sadowski et al. 1996; Cavell et al. 1998 ). In A. thaliana, which has a diploid genome without extensive duplication, Chs is thought to be single-copy (Cain et al. 1997 ). With only limited gene duplication, both Adh and Chs are candidate loci for construction of gene trees for Arabidopsis and its relatives.
Materials and Methods

Plant Material
The majority of taxa sequenced in this study belonged to the genera Arabidopsis and Arabis and are listed in table 1. Several taxa from related genera were added, a process guided by phylogenetic analysis based on ITS DNA sequence variation (Koch, Bishop, and Mitchell-Olds 1999) . In most cases, plant material was used from individuals which were self-pollinated for two to three generations in order to obtain homozygous plants. Plants from North American Arabis came from wild-collected seeds, but these species are largely selfing in nature. The selfing approach was not possible for Cardamine amara, Arabidopsis petraea, Arabidopsis lyrata, and Arabidopsis halleri because of the self-incompatibility system. Two individuals per population or seed sample were analyzed. In the case of Arabidopsis blepharophylla, only one individual has been investigated. For Arabis alpina populations from Europe and Africa, we analyzed 10 individuals per population, resulting in 30 individuals in total. Detailed accession data for these taxa were published in Koch, Bishop, and Mitchell-Olds (1999) and can be viewed at http:// Vanilla.ice.mpg.de/haubold/koch00.html.
DNA Amplification and Sequencing
Total DNA was obtained from leaf tissue from single individuals by a modified CTAB procedure (Mummenhoff and Koch 1994) . Polymerase chain reaction (PCR) was carried out using a Robocycler Gradient 96 (Stratagene), and conditions were optimized for each primer pair. The PCR cycling scheme was 5 min at 95ЊC; 35 cycles of 1 min at 95ЊC, 1 min at 51-60ЊC (depending on primer combination), and 2 min at 72ЊC; 15-min extension at 72ЊC, and a final hold at 4ЊC. The oligonucleotide sequences used to amplify coding sequences for Adh were ADH-FOR1 (5Ј-accaccggacagattattcg-3Ј) in exon1 and ADH-REV7 (5Ј-tcaagcacccatggtgatgatgc-3Ј) in exon 7, and those used for Chs were CHS-FOR1 (5Ј-cttcatctgcccgtccatctaacc-3Ј) (promoter specific) and CHS-REV5 (5Ј-ggaacgctgtgcaagac-3Ј) in exon 2. Primer locations are shown in figure 1. PCR reactions (50 l) were performed under the following conditions: 50 ng template DNA, 2 ng/l primer, 2.5 mM MgCl 2 , and 2 U/50l Taq DNA polymerase. All PCR products were purified from an agarose gel using the Boehringer PCR product purification kit and cloned either into the pGEM-T cloning vector (Promega) or into the TA kit pCR II cloning vector (Invitrogen). From each DNA sample, we performed three independent PCR reactions. From each PCR reaction, three independent cloned PCR products were sequenced separately to detect possible DNA sequence variation. Because we worked in most cases with highly inbreeding taxa, we expected to find little allelic variation among these nine clones (at least in diploid taxa).
For each gene, both strands were cycle-sequenced using the Taq DyeDeoxy Terminator Cycle Sequencing Kit (ABI Applied Biosystems). Products of the cyclesequencing reactions were run on an ABI 377XL automated sequencer (ABI Applied Biosystems). Cloned PCR products were sequenced using universal t7 forward (5Ј-gtaacgatttaggtgacactatcg-3Ј) and M13-48 reverse (5Ј-agcggataacaatttcacacagga-3Ј) primers. Additional internal primers were designed for Adh ( 
Isozyme Electrophoresis
Native acrylamide gel electrophoresis was performed by the method described in Koch, Huthmann, and Hurka (1998) using a lithium hydroxide-borate acid electrode buffer and a Tris citric acid gel buffer (Scandalios 1969). Electrophoresis was carried out for 8 h at 75 V. Gels were stained for alcohol dehydrogenase activity as described by Soltis et al. (1983) .
We used the GCG software package (Wisconsin Package, version 9.1-unix 1997, Genetics Computer Group, Madison, Wis.) to estimate isoelectric points of Adh proteins from DNA sequence information and compared those values with the observed migration rates.
Data Analysis Phylogenetic Analysis
Introns and promoter regions were removed manually, and the remaining coding sequences were aligned using CLUSTAL V (Higgins, Bleasby, and Fuchs 1992) . The lengths of the resulting alignments were 1,143 bp and 1,188 bp for Adh and Chs, respectively. Phylogenetic distances were computed using Kimura's (1980) two-parameter model, and the resulting distance matrices were subjected to the neighbor-joining algorithm as implemented in PHYLIP (Felsenstein 1995) . One thousand bootstrap samples were analyzed to assess confidence of nodes on the original neighbor-joining tree. Parsimony analysis was conducted with unordered Fitch parsimony. The analyses were run using PAUP 4.0* beta version (Swofford 1999) under HEURISTIC, TBR, and STEEPEST DESCENT with random addition of taxa. The bootstrap option of PAUP (1,000 replicates) and a decay analysis (Donoghue et al. 1992 ) were used to assess relative support in the unweighted analysis.
Trees were rooted using Aethionema grandiflora as an outgroup in the data sets. The family Brassicaceae is a well-defined family (Schulz 1936) , and previous studies indicate that the genus Aethionema is the sister taxon to the rest of the family (Zunk et al. 1996; Galloway, Malmberg, and Price 1998) . For the overall Adh analysis, including several database sequences, we used Brassica oleracea as an outgroup because the A. grandiflora Adh sequence was assembled from three cloned genomic fragments and might not represent one single locus.
Adh sequence analysis was carried out in two different ways. First, only those taxa for which Chs sequence data were also available were analyzed. Second, we added all published Adh sequences from crucifers to estimate a comprehensive evolutionary tree (Miyashita et al. 1998 
Estimation of Substitution Rates
Overall substitution rates were computed using Kimura's (1980) two-parameter model. Rates of synonymous (K s ) and nonsynonymous (K a ) substitutions were calculated according to Li's method (1993) as implemented in the li93 program (Wolfe 1993) .
In order to obtain the number of mutations per year, the divergence time between C. amara and Barbarea vulgaris was set to 6 ϫ 10 6 years. Hence, the number of synonymous mutations per year was calculated as s ϭ K s (B. vulgaris, C. amara)/(2 ϫ 6 ϫ 10 Ϫ6 ), where K s is the synonymous substitution rate calculated according to Li (1993) . A 95% confidence interval for s was computed using the following simulation approach: A random K s value was drawn from a normal distribution with mean K s and standard deviation SD(K s [B. vulgaris, C. amara] ), where the standard deviation of K s was determined according to Li (1993) . The random K s value was divided by two times a random variable drawn from a normal distribution with mean 6 ϫ 10 6 and standard deviation 10 6 /1.96. The latter distribution models our conviction of being 95% sure that the divergence time for B. vulgaris and C. amara is between 5 and 7 Myr, with a mean of 6 Myr. This procedure was repeated 1,000 times, the resulting mutation rates were sorted, and the top and bottom 2.5% of the distribution were removed to obtain a confidence interval for s . An analogous simulation procedure was used to calculate a confidence interval around the divergence time for a given pair of taxa.
The significance of correlations between matrices of substitution rates or ratios of terminal branch lengths was estimated using the Mantel permutation test (Mantel 1967) . The order of taxa in the input matrices was permuted 10,000 times, and a correlation coefficient was computed for each new comparison. Two-tailed statistical significance was calculated as the frequency of obtaining a correlation coefficient whose absolute value was greater than or equal to the absolute value of the original point estimate (Manly 1994) .
Test for Recombination
Recombination was investigated by the maximum chi-squared method of Maynard Smith (1992) as implemented by Ross (1997) . In this approach, one examines the distribution of segregating sites between two putative recombinant haplotypes using a sliding point that partitions the alignment into two regions. The observed distribution of segregating sites is then compared with the distribution expected if the segregating sites were randomly distributed, in order to find the point of maximum discrepancy between random and observed distribution. This represents a putative breakpoint for homologous recombination (Maynard Smith 1992) . Only polymorphisms at third codon positions were included in the analysis.
Results
Chalcone Synthase
Genomic PCR products included a large proportion of the 5Ј promoter region which has been intensively analyzed in A. thaliana (Feldbrügge et al. 1997 and references therein) . For all isolated DNA clones, we found structurally identical promoter regions, a good indication that our primers amplified one specific Chs locus corresponding to A. thaliana Chs. Additional functional analysis of these promoters (unpublished data) showed that they all have similar light-regulated expression patterns as expressed in A. thaliana. Since we mostly worked with inbreeding, diploid taxa and never obtained multiple PCR products, it is probable that only orthologous copies were isolated. In contrast, polyploidization has generated duplicate loci in tetraploid taxa. However, at least Arabis procurrens and A. hirsuta are thought to be of recent autoploid origin (Manton 1937; Titz 1970 Titz , 1976 Titz , 1978 , leading to very similar gene copies at putative duplicated loci. The history of polyploidization in tetraploid A. griffithiana is unknown. Therefore, the two Chs copies identified might have descended from either an old autotetraploid or a more recent allopolyploid origin.
Of the 28 accessions sequenced, only A. griffithiana yielded two Chs sequences ( fig. 2) . Because A. griffithiana plants were propagated over three generations via single-seed descend, the material we used should be homozygous. Moreover, the stock center from which we obtained seeds of A. griffithiana propagates these plants via selfing. The two distinct sequences differed at 2.00% of their nucleotides. This level of sequence divergence, combined with the fact that A. griffithiana is tetraploid, suggests that these Chs sequences may represent two duplicated loci.
Putative allelic variation was detected in Arabis drummondii populations from Mule and Teton, with two different Chs sequences ( ϭ 0.51%, Kimura two-parameter distance). Similarly, the German and Swedish populations of A. petraea harbored distinct Chs sequences ( ϭ 0.76%), as did populations of A. alpina from Africa and Europe ( ϭ 0.48%). Finally, we conducted a pilot study of allelic diversity in Chs in 10 individuals from three populations of A. alpina from Africa and Europe but found no genetic variation.
Alcohol Dehydrogenase
For Adh, we were not able to design primers located in the 5Ј promoter region. Therefore, in contrast to Chs, orthology could not be inferred based on promoter similarity. Hence, we inferred whether sequences were likely to be orthologous or paralogous based on breeding system, history of self-pollination, ploidy level, and degree of divergence among sequences. When two sequences are very similar ( Ͻ 1.0%), they are likely to represent alleles at a single locus, whereas higher levels of divergence ( Ͼ a few percent) typically characterize diverged loci within a gene family. Between these extremes, additional experimentation is required to distinguish allelic polymorphism from locus duplication. Although we found a few examples of species having several moderately diverged sequences, in these instances, a clear distinction between alleles and loci is not central to the research goals of this paper. We refer to such observations as ''genes'' or ''sequences,'' so as not to imply whether they actually represent alleles or loci.
Arabis alpina harbored the highest number of Adh sequences, with three putative alleles ( ϭ 0.76%) in the two African populations studied ( fig. 3) . Among the 10 individuals investigated for population AFRICA2, 3 individuals had the allele Adh1-1 (AF110426; op, and Mitchell-Olds 1999). Apart from normal Adh1 with six introns, we found additional Adh loci in the same individuals lacking all introns (Adh2) and one Adh sequence lacking introns 4, 5, and 6 (Adh3). These sequences probably represent additional loci. However, it should be born in mind that these loci are not orthologous to Adh1, Adh2, and Adh3 of Leavenworthia, which also had introns (Charlesworth, Liu, and Zhang 1998; fig. 4) .
Adh2 lacked all introns in A. procurrens, A. blepharophylla, and A. hirsuta Charlesworth, Liu, and Zhang (1998) , who found three distinct loci with numerous alleles from different Leavenworthia species. Different Adh loci differed in the number of introns, which is similar to our findings in Arabis. They refer to these loci as Adh1 (all introns present), Adh2 (no intron 4), and Adh3 (missing FIG. 3. -Neighbor-joining distance tree using Adh sequences from this study. Bootstrap support is given along the branches. Estimates for ages of the ancestral nodes appear in table 4 and in the text. all introns). In our full Adh analysis, we included one allele as a representative from each locus and found that Adh2 and Adh3 from Leavenworthia differ from Arabis Adh loci (fig. 4) . Therefore, Adh2 and Adh3 of Leavenworthia and Arabis are not orthologous and presumably arose by independent duplication events.
All of the Adh sequences appeared to code for functional proteins, since none contained stop codons or insertions/deletions. In order to further investigate the relationship between nucleotide sequence and enzyme phenotype, we subjected taxa with more than one Adh locus to isozyme electrophoresis. In each case, we detected only a single band. Relative to A. thaliana (R f ϭ 100), we observed migration rates of R f ϭ 100 for A. hirsuta EUROPE, R f ϭ 95 for A. procurrens, R f ϭ 90 for A. jaquinii, and R f ϭ 103 for A. blepharophylla (table 2). These single bands of Adh activity could indicate that there was only one highly expressed Adh locus or that products from more than one locus comigrated on the gel. We distinguished between these two possibilities by computing the expected migration rates for these two proteins (table 2). The difference in net charge between A. hirsuta allele pairs Adh1/Adh2-1 and Adh1/Adh2-2 was 1 and 4, respectively (table 2). Since differences in net charge of 1 or more are easily detected with our experimental protocol, activities of enzymes encoded by Adh2-1/Adh2-2 in A. hirsuta must be low or absent. The same argument applies to Adh2 from A. procurrens, which is distinguished from Adh1 by a charge difference of 1.5. For A. blepharophylla nious trees of 1,010 steps (CI ϭ 0.56, RI ϭ 0.74). The strict consensus tree is shown in figure 6 , along with the values from bootstrap and decay analyses.
In both cases, the strict consensus tree from parsimony analysis was congruent with the phylogeny computed with the neighbor joining algorithm. The distance trees for Chs and Adh are shown in figures 2 and 3 to demonstrate relative branch length.
The gene phylogeny based on Adh showed four major groups of taxa: (1) B. oleracea as the most basal group, followed by (2) Arabis pauciflora, followed by the two large crown clades containing (3) A. thaliana and (4) A. alpina ( figs. 4 and 6) . In contrast, the gene phylogeny based on Chs contained only two of these major clades, with Sinapis alba and A. pauciflora now constituting a clade with A. thaliana ( figs. 2 and 5) . Sinapis alba and Raphanus sativus are very closely related to B. oleracea (Warwick and Black 1991, 1997) . Notice, however, that on both phylogenetic trees the bootstrap support and decay values for the basal groups were low, indicating that the trees were not highly resolved at this level of the analysis.
In addition to the disagreement about the branching order near the root, there was one difference between crown groups. According to Adh, A. deltoidea groups with A. alpina, away from A. jaquinii ( fig. 6 ). In contrast, according to Chs, A. deltoidea groups with A. jaquinii, away from A. alpina ( fig. 5 ). This incongruence is well supported by bootstrapping and decay analysis on both trees and may indicate lineage sorting, convergent evolution, or an ancient intergenic recombination event (Syvanen 1994). . deltoidea, A. jaquinii, A. procurrens, A. blepharophylla, and A. hirsuta) . Sliding-window analyses of the distribution of substitutions between pairs of Chs sequences from the A. alpina and A. deltoidea clades revealed a region of high diversity at the 3Ј end of the gene (data not shown).
Intergenic recombination might have occurred if A. deltoidea arose by hybridization between the ancestors
Biogeography and Genetic Variation
For some populations, the distribution of Adh genes was correlated with geographic origin. For A. alpina, all four sequences grouped to a single clade. It has previously been speculated that African populations of A. alpina have been separated from European populations since the Tertiary (Plantholt 1995) . The Adh1 genes of European Arabis species were distinct from those of Asian and North American taxa, as indicated by high bootstrap support ( fig. 6 ). This included Adh1 from Asian A. hirsuta, which differed from the Adh1 gene found in the corresponding European population. This taxon might bridge the European-North American disjunction via Asia and is reported to be distributed in the United States with numerous morphologically divergent subspecies (Rollins 1941) . No geographic structuring of genetic variation was found for Arabidopsis lyrata from the United States and Asia or A. petraea from Europe. These two taxa are thought to be conspecific (Koch, Bishop, and Mitchell-Olds 1999) , and these Adh sequences were nested among one another ( fig. 3) 
Relative Substitution Rates
The mean numbers of substitutions per base were 0.087 for Adh and 0.111 for Chs. If substitutions are a function of time only, the numbers of substitutions in Adh and Chs should be perfectly correlated. In accordance with this expectation, the correlation between substitution matrices for Adh and Chs was 0.87 (P Ͻ 10 Ϫ4 ). However, gene phylogenies for Adh and Chs also suggest possible heterogeneity of substitution rates ( figs. 2  and 3 ). Therefore, we tested the null hypothesis of equal rates of evolution. To examine rate heterogeneity between two terminal branches, let
where r ij is the ratio of the lengths of two terminal branches, d ij is the distance between the ith and the jth taxa, and d io is the distance between the ith taxon and the outgroup , in this case A. grandiflora. We used the method of Muse and Gaut (1994) (table 3) .
Chalcone Synthase
Although the ratios of branch lengths varied widely for Chs, none of the comparisons showed significant rate heterogeneity for synonymous substitutions (table 3) . In contrast, three comparisons for nonsynonymous substitutions were significant: A. glabra EU/S. alba, African A. alpina/Swedish A. petraea, and S. alba/Swedish A. petraea . In general, it appeared that Chs had evolved more rapidly in S. alba than in other crucifers. 
Alcohol Dehydrogenase
At synonymous sites, the relative rates of evolution were quite homogeneous (table 3), with A. turrita causing all three significant deviations from homogeneity. At synonymous sites in Chs and Adh, only 3 of 156 comparisons of relative synonymous rates were significant. This is Ͻ5%; hence, there is no evidence for heterogeneity of synonymous rates. In general, A. turrita and A. glabra seemed to evolve more slowly than the other taxa (table 3) . At Adh nonsynonymous sites, 10 of the 78 comparisons were significant (table 3) . In particular, B. vulgaris had an elevated rate of Adh evolution, while that of A. procurrens was reduced in all comparisons (table 3) .
Correlating Substitution Patterns at the Chs and Adh
Loci
The ratios of branch lengths provided a starting point to further probe the evolutionary dynamics at Chs and Adh by testing for correlations between the r ij -matrices. If the number of substitutions is a function of mutation rate, then synonymous and nonsynonymous r ijmatrices for a given locus should be correlated. This was the case for Adh (r ϭ 0.29, P ϭ 0.03) but not for Chs (r ϭ Ϫ0.13, P ϭ 0.34), which may indicate that the substitution process has reached saturation at Chs but not at Adh. In order to test for genomewide evolutionary dynamics, the r ij -matrices were compared between loci, but no significant correlations were found (not shown).
How Old Is the Arabis Clade?
Results of the relative-rate test allowed us to focus on a subset of taxa with homogeneous rates of evolution. To estimate divergence times among these taxa, we used information from Pliocene deposits of Rorippa pollen to calibrate the rates of synonymous substitution for Adh and Chs. Rorippa is a close relative of Cardamine and Barbarea (Franzke et al. 1998 ). Mai (1995) cited extensive Rorippa pollen deposits in geological samples from the Pliocene (2.5-5.0 MYA). It follows that Barbarea and Cardamine diverged before the Pliocene, about 6 MYA (node Z; figs. 2 and 3). Assuming that Barbarea and Cardamine diverged 6.0 MYA (node Z), we estimated synonymous substitution rates and their 95% confidence intervals as 1.0 ϫ 10 Ϫ8 Ͻ 1.5 ϫ 10 Ϫ8 Ͻ 2.0 ϫ 10 Ϫ8 and 9.9 ϫ 10 Ϫ9 Ͻ 1.5 ϫ 10 Ϫ8 Ͻ 2.1 ϫ 10 Ϫ8 mutations per site per year for Chs and Adh, respectively. Therefore, the last common ancestor of A. thaliana and North American Arabis is between 9.0 and 11.0 Myr old (node A; table 4). Furthermore, A. thaliana diverged from its closest congeners about 5.1-5.4 MYA (node B; table 4), the North American Arabis diverged about 0.8-2.2 MYA (node C; table 4), and segregating alleles of Adh in A. thaliana diverged 1.5 MYA based on data from the Landsberg and Columbia ecotypes (node D in fig. 4 ; table 4).
We also estimated that the age of the last common ancestor of the crucifers excluding A. grandiflora is between 23. 1 and 25.9 Myr (node Y; table 4). Notice, however, that node Y connects different taxa in the Adh and Chs trees.
Discussion
Overview of Arabidopsis Relatives
Our analysis of two nuclear genes verifies previous work regarding the closest relatives of Arabidopsis and several more distant clades. Data from ITS, Adh, Chs, NdhF, matK, and Adc confirm that the closest known relatives of A. thaliana include outcrossing diploid species (A. lyrata, A. petraea, and A. halleri) and several other taxa previously classified in the genus Cardaminopsis (Price, Palmer, and Al-Shehbaz 1994; Galloway, Malmberg, and Price 1998; Koch, Bishop, and MitchellOlds 1999) . Slightly more distant is a strongly supported clade containing the North American n ϭ 7 Arabis (or Boechera) species. The evolutionary relationships of these species groups are supported by several independent analyses; hence, the basic features of these phylogenies are established with a high level of confidence. The genus Arabis is polyphyletic-some species that are very distantly related appear within this taxonomic classification, which has little phylogenetic meaning. Comparison of data from several genes cannot determine the relative branching order of the Arabidopsis, Brassica, and A. alpina clades, which diverged early in the history of the Brassicaceae. NOTE.- The lower triangle of each matrix shows the relative rates of the terminal branches leading to the pair of taxa concerned. For example, at Chs, synonymous sites in C. rubella evolve 3.281 times as fast as they do in A. thaliana. The top triangle of each matrix quotes the probability values for those relativerate tests for which P Ͻ 0.05. The corresponding rate ratio is shown in bold type in the lower triangle. The rates were computed according to Li (1993) , and the relative-rate test was carried out according to Muse and Gaut (1994) .
Age and Substitution Rates
Estimation of substitution rates, species divergence times, and the ages of segregating polymorphisms requires a known time point from the fossil record. Pollen from close relatives of Cardamine and Barbarea is common in geological samples from the Pliocene (2.5-5.0 MYA; Mai 1995) . Therefore, we assume that Cardamine and Barbarea diverged about 6.0 MYA. This pro- NOTE.-Listed is the lower 95% confidence limit, followed by the mean, followed by the upper 95% confidence limit, expressed in Myr. vides estimated substitution rates for Chs and Adh, leading to inferred divergence time for the species in this study. Using independent fossil dating and a different gene, Yang et al. (1999) obtained very similar dates for the Brassica-Arabidopsis divergence (see below). These similar estimates from independent analyses suggest that our estimates for substitution rates and divergence times are reasonable.
Estimates of divergence times are problematic, as they rely on the assumption of a molecular clock. Even if this assumption is justified, computation of the variance in divergence times is not straightforward (Sanderson 1998). We tested the hypothesis of uniform evolutionary rates for each pair of taxa and used only those pairs in further analyses where the null hypothesis was not rejected (table 3) . In order to assess the confidence attached to our time estimates, we considered the following three sources of error: (1) uncertainty in the divergence time of the pair of reference taxa, (2) uncertainty in the K s value of the reference taxa (B. vulgaris and C. amara in this case), and (3) uncertainty in the K s value of the target taxa. We used a simulation approach to model the influence of all three factors simultaneously on the distribution of the diversity times. This enabled us to provide confidence intervals with our time estimates (table 4) .
We estimated a synonymous substitution rate of 1.5 ϫ 10 Ϫ8 at Chs. This is slightly higher than the rates of 8 ϫ 10 Ϫ9 calculated by Durbin et al. (1995) for Ipomoea and 6 ϫ 10 Ϫ9 to 9 ϫ 10 Ϫ9 estimated by Wolfe, Sharp, and Li (1989) for maize versus barley. Our synonymous substitution rate for Adh (1.5 ϫ 10 Ϫ8 ) is also higher than the values found by Morton, Gaut, and Clegg (1996) for palms (2.6 ϫ 10 Ϫ9 ) and by Gaut et al. (1996) for grasses (7.0 ϫ 10 Ϫ9 ). Using information from six nuclear genes, Wolfe, Sharp, and Li (1989) estimated the average synonymous substitution rate at 5 ϫ 10 Ϫ9 to 7 ϫ 10 Ϫ9 substitutions per site per year among members of the grass family. Despite the great uncertainty associated with dating speciation events in the fossil record, the similar dating obtained by Yang et al. (1999) and that from our analysis suggest that synonymous substitution rates for Adh and Chs in the Brassicaceae exceed estimates obtained from studies in monocots.
From the substitution rates obtained in our study, we attempted to date several important nodes on the gene trees for Chs and Adh (table 4). We estimate that the last common ancestor of A. thaliana and its nearest relatives occurred approximately 5 MYA, while the most recent common ancestor of polymorphic A. thaliana Adh alleles occurred roughly 1.5 MYA. This contrasts with the finding of Innan et al. (1996) , who calculated the age of the last common ancestor of the A. thaliana Adh alleles at 6.3 Myr based on an assumed substitution rate of 10 Ϫ9 . This is likely to be an underestimate, because Innan et al. (1996) included intron sequences in their analysis, whereas we calculated a synonymous substitution rate of 1.5 ϫ 10 Ϫ8 from our Adh data.
We estimate that the crucifer lineages analyzed in this study (excluding A. grandiflora figs. 2 and 3) . This result corresponds to findings obtained from divergence time estimates of the mitochondrial gene for NADH subunit 4 (nad4) among cruciferous plants by Yang et al. (1999) , who calculated the average distance between the Brassica clade and Arabidopsis to be 14-20 Myr. This value broadly overlaps with our estimates for a Brassica-Arabidopsis split (node Y in figs. 2 and 3; notice that these nodes connect different taxa in the two trees). However, the basal branching pattern is not well supported in either tree, and branches with low bootstrap support should be collapsed. Further rough extrapolation leads to the estimation that the most recent common ancestor of A. grandiflora and the rest of the Brassicaceae is approximately 30-60 Myr old (node X in figs. 2 and 3 ), which agrees with the oldest findings of Brassicaceae in the Oligocene (22-34 MYA; Cronquist 1981).
Allelic Variation and Gene Duplication
Patterns of diversity differed strongly at Chs and Adh. In diploid taxa, Chs was essentially a single-copy gene, with polyploid A. griffithiana providing the one exception to this rule ( fig. 2) . In contrast, many taxa contained more than one Adh sequence, which differed not only in the level of nucleotide diversity, but also in intron number. This contrasts with the situation in A. thaliana, which only has one Adh locus, but agrees with the observation that many plant species have several Adh loci (e.g., Trick et al. 1988; Yokoyama and Harry 1993) . The sequence diversity observed at Adh might indicate that (1) polyploidization of taxa such as A. hirsuta took place after speciation of European Arabis, and (2) locus duplication leading to Adh2 in European Arabis occurred prior to or during the evolution of this group, because Adh1 and Adh2 are similar among the taxa studied ( fig. 4) .
With regard to intron number, Adh2 lacked all introns in A. procurrens and European A. hirsuta. The first observation of a plant Adh locus devoid of all introns was recently made in Leavenworthia, which contains three Adh loci that differ in number of introns; Adh3 has no introns and Adh2 has lost intron 4 (Charlesworth, Liu, and Zhang 1998) . Intron-free copies of genes that usually contain introns have probably arisen through reverse transcription involving an mRNA intermediate (Charlesworth, Liu, and Zhang 1998) . Since the closest relatives of Leavenworthia, C. amara and B. vulgaris , only have a single copy of Adh, the extra gene copies in Leavenworthia probably arose after the origin of this genus. All five species of Leavenworthia studied by Charlesworth, Liu, and Zhang (1998) have three Adh loci, whereas we found three loci solely in A. blepharophylla. Charlesworth, Liu, and Zhang (1998) established by acetate gel electrophoresis that the intron-free copy of Adh in Leavenworthia codes for functional protein.
We investigated the expression of Adh through polyacrylamide gel electrophoresis and found that only Adh1 has detectable enzyme activity in A. hirsuta and A. procurrens. If the intron-free Adh2 were a pseudogene, it would presumably accumulate deleterious mutations quickly, including internal stop codons. The fact that this has not occurred suggests that Adh2 in A. hirsuta and A. procurrens may be expressed, albeit at levels below the sensitivity of our electrophoresis setup or in tissues or environmental conditions that were not assayed here.
Comparison Between Genes
We analyzed rates of evolution at more than one locus because comparison between rates can give insights into the evolutionary process. For example, the generation time hypothesis posits that species with short generations will have higher substitution rates than species with longer generations. This effect should influence multiple loci. Selection, on the other hand, often acts on individual loci and may cause heterogeneity of evolutionary rates among loci. Within taxa, we found no significant correlations between loci for either synonymous or nonsynonymous substitutions, indicating that species-specific evolutionary factors do not influence the evolution of these two genes.
The inferred phylogenetic position of A. deltoidea differed according to whether Chs or Adh was used for the input data ( figs. 2 and 3) . In principle, incongruencies between gene trees may be due to lineage sorting, recombination, or convergent evolution. Sorting of ancient polymorphism into different lineages is an unlikely explanation because of the nonrandom distribution of polymorphisms within the Chs sequences. Recombination and convergent evolution are distinguished by positing neutrality in the case of recombination and selection in the case of convergent evolution. In order to minimize the effect of selection on our analysis, we considered only the distribution of substitutions in third codon positions in the maximum -squared test (Maynard Smith 1992) . We still found significant deviation from randomness in the distribution of the substitutions, which was best explained by recombination or gene conversion.
